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ABSTRACT 


41 m of K track length have been followed in the energy interval 0-140 MeV. 208 inter- 
actions in flight are analysed to yield the total cross section per nucleus in emulsion ¢= 780+ 
60 mb. The corresponding average total nucleon cross section in nuclear matter is calculated 
to be 6=80+15 mb. The mean free path 1= 0,95 x 10 '° cm implies a large absorptive poten- 
tial ~60 MeV. The derived limits on the free neutron cross sections do not contradict the as- 
sumption that charge independence holds in the absorption and scattering processes. The 
differential cross section for elastic scattering between 5°-30° is given. An attractive K nu- 
clear potential is inferred from the percentage of re-emerging K -mesons. 


1. Introduction 


The beams of machine produced positive and negative heavy mesons have 
made it possible to study their interaction properties in flight. The first experi- 
ments [1, 2,3] showed the quite different behaviour of the K-particles of oppo- 
site charge. The positive K-particle has simple interaction properties, which have 
been studied in a number of experiments (4). The interaction properties of the 
negative K-particle are on the contrary very complicated due to the many pos- 
sible reaction channels [5, 6]. 

The free proton and neutron reactions are most conveniently studied in hy- 
drogen and deuterium bubble chambers. The emulsion technique furnishes infor- 
mation on interactions with complex nuclei and on interactions with free protons 
in emulsion. 

The present paper concerns interactions in flight of negative K-mesons in 
emulsion. The main emphasis is laid on the possibility to derive the mean free 
path of the K~ in nuclear matter and accordingly to get information about the 
cross section on neutrons, which up till now is completely unknown. Deuterium 
bubble chamber experiments are, however, in progress [8]..In Part 2 and 3 the 
experimental details and the details of the interactions in flight are presented. 
In Part 4 the free proton events are reported. In Part 5 the cross sections in 
emulsion and nuclear matter are derived. Part 6 reports the inelastic scattering 
events and the escape probability is calculated. Part 7 concerns the differential 
cross section for elastic scattering. 
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2. Experimental details 


The present experiment was carried out in two Ilford G5 emulsion stacks. 
Stack 1 (4x7, 600 um, 60 pellicles) was exposed to the partly separated 400 
MeV/c K~ beam at the Bevatron and Stack 2 (4'°x7'’, 600 wm, 32 pellicles) 
to the separated 300 MeV/c beam. 

Tracks with suitable ionisation were picked up in an unbiased way and fol- 
lowed until they came to rest, interacted or left the stacks, In this way 41 m 
of K~ track length have been followed, 10 m in the energy interval 0-140 MeV 
(Stack 1) and 31 m in the interval 0-90 MeV (Stack 2). The track length dis- 
tribution is shown in Table 1. 


Table 1. Track length distribution. 


Energy Track length Energy Track length 
MeV mm MeV mm 
0-10 723 70— 80 6 226 
10-20 1752 80-— 90 3 816 

20-30 2655 90-100 1 495 
30-40 3646 100-110 1 293 
40-50 4670 110-120 1 382 
50-60 5678 120-130 1070 
60-70 6354 130-140 497 


Total: 41 257 


In the high energy stack all tracks which gave rise to an interaction or left 
the stack were identified by g*—p/ measurements. This was necessary as the 
percentage of background tracks of the right ionisation was high (49 % K~, 28 % 
a, 23% p). In the low energy stack scattering measurements on a sample of 
60 showed that most of the tracks were due to K -mesons (98% K~, 2% a and 
p) as was also born out by the tracks followed to rest. Consequently all tracks 
with ionisation and range in agreement with those of a K~-meson -were taken 
as K™-mesons. 

The energy of an interacting meson was determined as the weighted mean of 
the estimates from residual range, g* and in many cases pf. Account was taken 
of the momentum spread across the plate when the residual range was calcu- 
lated from the known mean range in the stack. The momentum spread was ap- 
preciable, 2 MeV/c per cm, in stack 2. 

All scatterings with projected angle >2° were recorded in stack 2. 

A total of 1124 K~ were followed. 818 interacted at rest and 208 interacted 
in flight with a kinetic energy of the K” >10 MeV. All secondary prongs have 
been followed. The experimental information has been conveniently collected on 
a punch card system. 


3. Characteristics of interactions in flight 


‘The details of the interactions in flight are given in Table 2. Only events 
with Z'x->10 MeV were considered in order to exclude contamination from 
events at rest. 
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Table 2. Characteristics of the interactions in flight. 


JZ 
° 


Type of interaction 


_ 
or 


. Events with at least 1 baryon prong >5 wm 
. Events with 1 min. prong or z and blob <5 um or electron 
Events with 1 min. prong or light meson only 
. Zero prong events with blob or electron 
. Zero prong events with clean end 
K + free p> K +p 
. K+ free p> +a 
. K reemerges with energy loss 
T 


bo 


HOO > 
waermwoworre 


The groups A, B, D, and H are due to interactions with complex nuclei. An 
investigation [9] of the probable decays C shows that ~ 4 events are interactions 
and the rest compatible with decays. Some of the zero prong events might be 
decays in flight where the secondary is not seen. We estimate the fraction of 
lost z-mesons in this case as ~5 %. Further some of the zero prong stars might 
be K+ free proton charge exchange scatterings or absorptions giving only neutral 
particles. The effects of interactions in group C, free proton events and events 
with lost pions in group E tend to cancel each other. Thus the numbers in A, 
B, D, E, and H are a fairly unbiased estimate of the number of K” interactions 
with complex nuclei in emulsion. 

The number of interactions in each energy interval is given in Table 3. 


Table 3. Number of K~ interactions in flight per 10 MeV. 


Energy interval No. of events Energy interval No. of events 
10-20 8 70— 80 22 
20-30 19 80— 90 13 
30-40 22 90-100 3 
40-50 20 100-110 6 
50-60 32 110-120 8 
60-70 22 120-140 5 


The mean kinetic energy of the K -meson is <7’x-> = 60 MeV. 


4, Free proton events and K =p cross sections 


3 K~+ free proton elastic scattering and 2 K + free proton absorption events 
were found. In order to be interpreted as free proton events they had to ful- 
fill the three criteria; coplanarity, energy balance and momentum balance. In 
the case of the elastic scatterings they could be stringently applied. The kinetic 
energy of the incoming K~ and the scattering angle in the C.M.S. are given 
in Table 4. All two prong events were checked in order to see if they could be 
K-free p collisions. 

In the absorption events the U-hyperon decayed in flight and consequently 
the energy and momentum conservation could be applied less stringently. The 
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Table 4. K~ +free p elastic scatterings. 


Scattering 
T x, MeV angle in C.M.S. 
27 48.6° 
58 57.9° 
63 45.5° 


Table 5. K~ + free p>ii+2. 


Angle between 


T ;»MeV | the x and the K | 7° Byperon 


in C.M.S. decay 
68 98° Sari £, 
70 122° Sond 


=x energy was determined by carefully calibrated ionisation measurements, which 
were used in a separate investigation of hyperon events at rest and will be re- 
ported elsewhere [10]. There are no doubt about the identification as free proton 
events. The data are summarized in Table 5. 

In the following analysis the values of the elastic and total absorption cross 
section will be needed. We take as best estimates from emulsion data at <7'x—)» 
=60 MeV [11, 26]: 


of ,=50+5 mb, 
of, (Zt +-)=18 +4 mb. 


The elastic cross section is energy independent in the energy region con- 
cerned and constant in the cos @ distribution in the C.M.S. There has been dis- 
agreement between the emulsion and bubble chamber data [7] on the absorption 
cross section. The bubble chamber data refers to low energies and the explana- 
tion for the discrepancy is probably that the absorption cross section increases 
rapidly at low energies. This is also indicated by some emulsion experiments [12]. 

The above absorption cross section refers to production of charged X-hyperons. 
We shall need the total absorption cross section. The bubble chamber experi- 
ments give the production rates in hydrogen X :X*:2°=2:1:1 [7]. Further 
the A® production rate is probably less than half of the X° rate. The contri- 
bution to the total absorption cross section from A® production can thus be neg- 
lected and the total absorption cross section 


O%-y (Ut +27 4+ D°)=20+5 mb 
will be used. 
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CROSS SECTION 
mb 


1500 
1000 
500 
0 ie 
0 50 100 150 MeV 


Fig. 1. Cross section per nucleus in emulsion as a function of the K~ kinetic energy. The solid 
line shows the relation o’ = 780 (1+ 10/7’ ,-). 
5. Cross sections in emulsion and nuclear matter 


5.1 Total cross section in emulsion 


The mean free path for absorption and inelastic scattering in emulsion can 
be obtained from the figures in Tables 1 and 3. The mean free path A is con- 
verted to cross section per nucleus by means of the relation 


o (mb) =~—_.. 


The total cross section as a function of energy is shown in Fig. 1. The in- 
crease at low energies is consistent with that expected from the Coulomb attrac- 


tion effect [13] 
o’ =0(1+ V,/Tx-), 


where o’ is the measured cross section, o the true nuclear cross section and 
V. the Coulomb potential. The least square fit 


o’ = 780 (1+ 10/7'x-) 
is also shown in Fig. 1. 


The true total nuclear cross section is thus largely energy independent in the 
energy region 15-110 MeV with a magnitude 
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o = 780 +60 mb. 


This result is in good agreement with those of other experiments (14, 15, 16, 
Lise Lo): 


5.2. The effect of nucleon shading 


The K~-nucleus cross section can be related to the average K -nucleon cross 
section in nuclear matter. If the mean free path in nuclear matter is long com- 
pared to the radius of the nucleus this can easily and reliably be done. This 
is the case in for instance K* inelastic scattering [20]. Useful information about 
the K*-neutron cross section can be obtained. 

In the present case the mean free path is very short compared to the nuclear 
radius and the effect of nucleon shading is large. The computational difficulties 
also increase. 

An attempt has, however, been made to take nucleon shading into account. 

An average geometric cross section is defined from 


Uni Ri 
hei tape (1) 


where the sum runs over all elements in emulsion (C, N, O, Br, Ag) except hy- 
drogen. 


n;=the number of atoms/cm’. 
R=r,A* 10°" cm=the radius of the nucleus. 


The value 7,=1.2 has been chosen. 

The latest data on emulsion composition [12] give o,=550 mb with a corre- 
sponding geometric mean free path in emulsion of 4,=39 cm (hydrogen excluded). 

The calculations are made for the corresponding mean nucleus with R = 4.18 x 
x10 cm and mass number A= 43, This implies that 26 % of the interactions 
occurs in light nuclei and 74% in heavy nuclei. 

The general expression for the reaction cross section is [22] 


1+r 


o=20 R? { b(1—e™4) db, (2) 
‘ 0 


where 6=the impact parameter in units of R 
r=the interaction radius defined from ¢=a r? R? 
x=the fraction of the nuclear volume cut out by a cylinder with cross 


section @ at a distance 6b from the centre of the nucleus to the axis 
of the cylinder. 


6=the average K -nucleon cross section defined by 
G=4 (Ox-pt+ox-n). (3) 


Ox-p, Ox-n are the free K~-nucleon cross sections and equal numbers of protons 
and neutrons are assumed, 


¢ is related to the mean free path A in nuclear matter by the relation 
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Fig. 2. The relation between the cross section per nucleus in emulsion and the mean free path 
in nuclear matter. 


& (mb) = 5 He r= 1.2. (4) 


(in units of 10°" cm)’ 
Equation (2) can be solved by repeated numerical integrations. In order to 
facilitate the calculations the fraction x was approximated (Appendix I) by 


3 F weet eS (eae 
x=5— {sin *w, —sin 4y_+u, Vi—-uw—u_Vi—u?} forb<1-r, 


wage (sina a. V1—u2 for b>1—7; (5) 


Us =b+r, o=47r? R2, 


6 and r in units of R. 


The approximation is good to a few per cent. 

The integral -was then computed numerically for different values of ¢. The 
result is shown in Fig. 2, where a/o is given as a function of A/R. One notices 
that edge effects become more important as o increases and the curve cannot 
safely be extrapolated to obtain the mean free path of for instance antiprotons. 
At ¢=100 mb about 4 of the contribution to o comes from regions outside the 
nuclear surface. 

The value o/a,= 780/550 implies 
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or a mean free path 2=0.95x10-% em. eh L 

The value of 7, is the only really critical parameter. r)= 1.3 implies 9 = 650 
mb and G=94/A. For comparison the curve for r9=1.3 is also given in Fig. 2. 
Thus r,=1.3 yields ¢=90 mb. Thus the above value of 6 may contain a system- 
atic error of ~10% depending on which value of 7) is chosen. 


5.3. Interpretation of the average cross section in nuclear matter 


One may ask what the average cross section ¢ means. The following strong 
one-nucleon reactions can occur in the nucleus [5] 


K-+N—-K~+WN (elastic scattering), (6a) 
K-+N-K°+N’ (charge exchange scattering), (6 b) 
K-+N—-Y+2 (absorption). (6 c) 


N stands for nucleon and Y for hyperon. 

Two-nucleon reactions are neglected. 

Events of type (b) and (c) are obviously counted as interactions in the sense 
of Sect. 3 as the charged K~ disappears. In reaction (a) the K™ retains its 
identity. 

The factor (l—e-*“) in equ. (2) is the probability that a reaction with cross 
section 6 occurs and if 6 denotes the total cross section for all processes (6) 
then o in equ. (2) is the cross section that has been measured in emulsion. 

The fate of the particles after the first interaction only influences the relative 
rates of the processes (6), measured outside the nucleus. 

Thus the deduced average cross section is interpreted as the total average 
cross section in nuclear matter. 


G6=6°+(6"+ 0°") f(T). (7) 


a denotes absorption, el. elastic scattering and c.e. charge exchange scattering. 

The factor f(7') is due to the Pauli Principle. There is one nucleon in the 
final state for the reactions (a) and (b) and as all states below the maximum 
Fermi momentum are occupied small momentum transfers and correspondingly 
the free nucleon cross sections will be suppressed. It is given explicitly in the 
paper by B. Bhowmik et al. [20] for K-N collisions. 

The absorption cross section is not affected as there is no nucleon in the 
final state. 

Of the quantities in (7) G, o%-p» and of-, are known, o%, is known approxi- 
mately and the neutron cross sections are completely unknown. 


5.4. The relation between the free neutron cross sections 


The factor f(7’)=0.75 for <7'x->=60 MeV and a maximim Fermi momentum 
Pr=215 MeV/c. The additional Coulomb potential energy has been taken into 
account but no K -nuclear potential is included. An attractive potential would 
increase the value of f(T’), a repulsive potential would decrease it. f (7) is, how- 
ever, not very sensitive to changes in energy. 
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If we assume the tentative figure o%, ~50 mb as suggested by the bubble 
chamber results [7] and emulsion estimates [16], then equation (7) gives with 
&=80 mb, of »=20, of-p=50 and 0%) =50 mb inserted 


OK-n aF 0.75 ove; oe, 75 mb. (8) 


The neutron cross sections for a particular spin and angular momentum state 
are related by [25] 


i= 2 
n= | les O%K-n; 


(lest) 
where 7 is a complex number. o%-n = o%-n when o%-, attains its maximum value. 
Equ. (8) then implies 
Ox-n< ~45 mb. 
Scattering can on the other hand occur without absorption and from (8) 


ot_,< ~100 mb. 


If charge indepence is assumed to hold in the absorption and scattering proc- 
esses some useful relations can be derived from isobaric spin considerations. 
Using the isobaric spin assignment of 7’=1/2 proposed for the K-particle by 
Gell-Mann [5] and Nishijima [6] the processes can occur in the 7’=0 and the 
T'=1 states for the proton and the 7'=0 state for the neutron [23, 24]. If only 
one angular momentum state contributes to the absorption at these energies, 


OK-n <2 o%-p ~ 40 mb. 
The same relation is true for the scattering process 
Oh-n <2 0%2¢* ~ 200 mb. 


The two deduced upper limits do not contradict the conditions imposed if the 
forces of the reactions are assumed to be charge independent. 


6. Inelastic scattering events. Indication of an attractive K -nuclear potential 


6.1. Inelastic scattering events 


The kinetic energy of the incoming K , the relative energy loss and the scatter- 
ing angle in the lab. system are given in table 6 for the three events, where 
the K” re-emerges. 


Table 6. Events with re-emerging K™. 


Relative energy | Scattering angle | Interpreted 
2 oe loss AT'/T (lab. syst.) as 
64 0.360 91° inelastic 
scatt, 
64 0.828 35° e 
34 0.780 73° * 
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In all cases the K~ made a star of >2 prongs at rest. All secondary prongs 
making a star with one or more prongs have been identified as m-mesons, z- 
hyperons or K~-mesons. If the re-emerging K~ made a zero prong star it would 
not have been observed. Consequently the number has to be corrected by the 
percentage of K; at rest which is 15% in our case. A small correction for geo- 
metrical bias is also included because 3.2 % of the prongs of appropriate ionisa- 
tion leave the stacks. 

Finally one arrives at the percentage of re-emerging K-=2+1%. Various 
experiments report a figure between 1—4 % [26]. 


6.2. The probability of escape 


The percentage of inelastically scattered K~ has now to be compared with 
the escape probability expected from the mean free path in nuclear matter, 
A/R =0.22, and the branching ratio of the elastic cross section to the total cross 
section. 

One way is to do a Monte Carlo calculation. This has been done by W. Alles 
et al. [16]. The method has the advantage that the distribution of the relative 
energy losses for various assumed K™-nuclear potentials also comes out from the 
calculation. 

We have calculated the probability to escape from a geometrical picture. The 
particle will on an average travel a distance A in the nucleus before it interacts. 
At the interaction a fraction y= 6"/6°" will be elastically scattered. If one draws 
a sphere with radius A around the point with impact parameter 6b at a distance 
A from the nuclear surface the particles scattered into the solid angle subtended 
by the intersection of the sphere and the nucleus will reach the nuclear surface 
without a second interaction. Assuming that all particles reaching the nuclear 
surface after the first scattering will escape, that the angular distribution at the 
interaction point is isotropic and that no particles scattered twice or more will 
escape, the escape probability can be written (Appendix II) 


Pe= ty {12 a0 bcos ket ell (9) 


6 and A in units of R. 

The angular distribution of the scattered particles is not isotropic in the lab. 
system due to the movement of the center of momentum. This will result in 
less particles reaching the considered solid angle. This tendency is compensated 
for by the fact that some particles scattered more then once will re-emerge. 
The calculation is valid only for a K~-nuclear potential =0 because in case of 
an attractive potential K -particles of low energies will be trapped. Another 
point is that the K™ kinetic energy after the scattering must exceed the Coulomb 
potential energy. This is generally the case for a K~ with 7T'x-=60 MeV. 

The result is for 4/R=0.22, Pe=8%, 12% and 17% for y=}, 4 and 2 re- 
spectively. The values of » cover all reasonable possibilities. The result of Sect. 
5.2 gives v= 0.63. The figures are in very good agreement with the Monte Carlo 
calculation for Ve=0 [16] (8%, 12% and 21% respectively). 

Thus the percentage of re-emerging K~ is in contradiction with the expected 
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probability of escape for the measured mean free path by a factor three or more 
if some mechanism does not prevent the K~ from leaving the nucleus. The sim- 
plest explanation is to assume an attractive real K-nuclear potential. 


7. Elastic scattering 


7.1. Small angle scattering 


All elastic scatterings with plane angle >2° were recorded in stack 2. There 
was an experimental bias in picking up angles 2°-3° and in the final analysis 
only plane angles > 4° and space angles >5° were used. We believe that the space 
angle distribution is unbiased for angles >5°. 

196 single scatterings with space angles 5°-30° were obtained in the energy 
interval 20-80 MeV. The elasticity was investigated by comparing the range 
distribution of events with and without single scatterings. No difference was 
found. The cross section for elastic scattering in barns/ster. as a function of the 
midpoint of the angular interval is shown in Fig. 3. The experimental cross sec- 
tion is corrected for the loss of events by imposing the plane angle cut off of 
4°. In Fig. 3 the expected Coulomb scattering is also shown using an extended 
charge for the nucleus. It is taken from ref. [28] and shifted according to the 
difference in mean energy. ; 

The scattering of a particle by a nucleus may be described by an optical 
model [27] assuming a scattering potential of the type 


Ven= Vet Vati Vz. 


The imaginary part of the potential is approximately 


of Lee | 
a ae 


T x-=the kinetic energy of the K”™ in the nucleus which implies V;~60 MeV 
for 2=0.95x10-8 cm and 7'x-~70 MeV. 

The imaginary potential is large, probably larger than the real part of the 
potential. This means that it is impossible to infer the magnitude of the real 
potential from observation of interference effects in the differential cross section. 
The enhanced cross section over the Coulomb cross section indicates an attrac- 
tive real potential in agreement with the result of the previous section but nothing 
can be said about its magnitude. 

In previous attempts to interpret the elastic cross section [28, 29] a small 
imaginary potential has been assumed. 


7.2. Large angle scattering 


7 cases of large angle elastic scattering >30° were found in the energy region 
10—140 MeV. The energy loss was zero within the limits of measurements in 
each case. In particular no “slightly inelastic’ events of the type frequently 
occurring in K* scattering were found. The kinetic energy of the incoming K™ 
and the scattering angle in the lab. system are given in Table 7. 
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5° 10° 15° 20° Ay 30° 


Fig 3. Differential cross section for elastic scattering 5°-30°. <T'p-> =47 MeV. 


Table 7. Large angle elastic scattering events. 


T x» MeV Scattering angle 


(lab. syst.) 
19 33° 
25 32° 
84 33° 
47 33° 
22 45° 
85 40° 


31 90° 
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The last two events had recoils 2.1 wm and 3.3 um respectively in the direc- 
tion of the transferred momentum. The momentum transfer was 206 MeV/c and 
254 MeV/c respectively. The ranges in emulsion of a nitrogen nucleus [30] of 
the corresponding momenta are 2.1 wm and 3.1 wm. The energy transfer will 
be ~2-3 MeV, which cannot be detected by direct measurements. The events 
are interpreted as K~ +(C, N, O) elastic scattering. 

The above events have been seen in a track length of 40.2 m. The cross sec- 
tion for large angle elastic scattering is accordingly 


o = 82 +30 mb/ster. at <0)=44° and <7T'x->=45 MeV. 


8. Conclusions 


The present experiment permits the following conclusions: 
(i) The total average cross section per nucleus in emulsion is energy indepen- 
dent in the energy region 15—110 MeV with a magnitude 


o = 780 +60 mb. 


(ii) The effect of nucleon shading is calculated. Taking this into account the 
mean free path of the negative K-meson in nuclear matter is 


A=0.95x107 cm 


when the nuclear radius R=1.2xA*x10~" cm is chosen. This implies a large 
absorptive potential of about 60 MeV. The corresponding average total nucleon 
cross section is 


o=80+15 mb. 


(iii) The free neutron elastic cross section is less than ~ 45 mb and the absorp- 
tion cross section less than ~ 100 mb, if the processes are assumed to be domi- 
nated by one angular momentum state at a mean kinetic energy of the K” of 
60 MeV. 

(iv) The above upper limits do not contradict the upper limits imposed by 
the requirement of charge independence. 

(v) The K~ re-emerges in 2+1% of the interactions. The calculated proba- 
bility of escape for the measured mean free path and zero nuclear potential 
is ~10%. The discrepancy is taken as an indication of an attractive real K - 
nuclear potential, which traps the K™ in the nucleus. 

(vi) The cross section for elastic scattering 5°-30° is given. Due to the large 
imaginary potential no conclusions can be drawn from this distribution as re- 
gards the magnitude of the real part of an assumed potential. 

(vii) The cross section for elastic large angle scattering 30°-90° is 


og =82+30 mb/ster. 
at the mean point <0)=44° <7'x-=45 MeV. 
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APPENDIX I 
The fraction of a sphere cut out by a cylinder 
The problem is to find a convenient expression for the fraction x cut out of 
sphere with radius R by a cylinder with radius r at a distance b from the centre 
of the sphere. The cross-sectional area of the cylinder is ¢=z7?. The cross-section 


of the cylinder is substituted by a rectangle with sides 2r and r defined by 
G=47%. The volume of the parallelepiped can then be written approximately 


b+r 
V=4r J \) R2—22 da; 
b-r 
x=the distance from the centre of a circle with radius R to a point between 
b—r and b+r which for the fraction x gives 


3 swag ‘ eT oe 
x= 5— 1 {sin 1y,—sinu_t+ uy, Vi-w —u_ Vi—u?} b<1-r, 


b and r in units of R, 
and 


AppENDIx IIT 


Calculation of the probability of escape 
The notation is given in Fig. 4. The angle 6, is given by 


b 


7] =tn7! 2 ae 
. VRe—-B-4 
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Fig. 4. Figure to Appendix IT. 


The fraction of particles between 6 and 6+d6 is 


22bdb 
7 R2 ° 


The fraction of elastically scattered particles at the point A is 


Gg" 
een oo we Gv 
The fraction scattered into the solid angle between 0 and 4, is 
9 


J 4 sin 6d0 
0 


if the particles are emitted isotropically. 
Thus the fraction reaching the surface cut out by the intersection of a sphere 
with radius A around the point A and the sphere with radius F is 


: b 
P,= —2[dbb (« a eS) 
bof J cos {| tn i-B_A 


with } and A in units of R. 
P, is an estimate of the escape probability as discussed in the text. 
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